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Abstract

Situated along the eastern margin of the Taupo Volcanic Zone (TVZ), the high-gas and high-enthalpy production
fluids from the Ohaaki geothermal field are chemically similar to other arc-type volcanic systems found along this part
of the TVZ. Two thermal upwellings can be distinguished within the field, each apparently emanating from fault
structures in the Mesozoic basement greywackes. Although both plumes have similar salinities and appear to be fully
equilibrated with the reservoir rocks containing them, fluids associated with the eastern upflow zone are enriched in B
and F compared to those in the western upflow zone. N2H and N

18O signatures for water suggest that up to 20% of the
water in the discharges may derive from a magmatic source, and a N

2H^Cl trend established by the East-Bank fluids
indicate end-member mixing between a high-Cl fluid and Cl-deficient steam containing as much as 40% arc-type
vapour. Gas signatures in fluids from the two production fields show compositional differences that cannot be
explained by physical reservoir processes. The eastern fluids have higher N2/Ar and CO2/He ratios, and consistently
higher CH4^CO2 13C fractionation temperatures than those in the western upflow zone. In addition, stark differences
in 3He/4He and 40Ar/36Ar ratios for the two production fields suggest two-component mixing for the respective source
components, with the eastern fluids having a significantly larger radiogenic gas content than those to the west.
Collectively, these signatures suggest the presence of a relatively young and shallowly seated degassing intrusive
beneath the eastern upflow zone, perhaps as shallow as 4 km beneath the surface. ? 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The depths and chemical characteristics of heat
sources which drive TVZ geothermal systems are
generally poorly understood. This is due in part
to the deepest geothermal wells in the TVZ having
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penetrated to just 2800 m below surface, and in
only one of these wells (NM4 at Ngatamariki,
Fig. 1) has an igneous intrusive body been inter-
sected (Browne et al., 1992; Christenson et al.,
1998). At Kawerau there is a clear indication
that the present-day heat source relates to young
volcanism within the ¢eld (Christenson, 1997).
However, being at the margins of the explored
reservoir, little is presently known of the charac-
teristics of that heat source.
It is widely acknowledged that the high heat

£ow in the TVZ is fostered by extensional tecton-
ism related to westerly dipping subduction be-
neath the North Island (e.g. Cole, 1990; Stern,
1987). Theoretical heat transfer models have
been proposed which attempt to ¢t the observed
heat £ow at the surface (Weir, 2000) and distri-

bution of geothermal systems across the TVZ
(McNabb, 1992; Kissling, 1997). All of these
models assume the presence of a granitic batholith
at depths of ca. 8 km beneath much of the TVZ,
with the geothermal systems being a natural con-
sequence of stable convective £ow regimes over
this heat source.
Giggenbach (1995), however, recognised that

the gases discharged from geothermal systems
along the eastern margin of the TVZ (e.g. Kawe-
rau, Ohaaki, Waiotapu, Rotokawa) have close
a⁄nities to those discharged from TVZ andesitic
volcanoes, and with active arc-type volcanoes
elsewhere in the world. This observation is con-
sistent with the view that present-day arc magmas
are generated along the eastern margin of the
TVZ (cf. Cole, 1990), but more importantly, it

Fig. 1. Map of the TVZ, showing distribution of some of the geothermal ¢elds as denoted by their resistivity signatures, with em-
phasis on the arc-type systems occurring along the eastern margin.
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indicates that subsurface arc-type magmatic sys-
tems exist in the TVZ where there is presently
no surface expression of recent volcanism. The
occurrence of a shallow intrusive in the Ngata-
mariki geothermal ¢eld (Browne et al., 1992;
Christenson et al., 1998), raises the possibility
that some of the magmatic heat sources along
the eastern TVZ may exist at considerably shal-
lower depths than those residing in the marginal
basin to the west.
The hydrothermal system at Ohaaki is of par-

ticular interest in this regard. The ¢eld, which
came into production in 1989, has experienced
substantial exploitation e¡ects (draw-down, scal-
ing and subsidence) as a result of the current New
Zealand practice of relatively shallow-reservoir
production. In 1995, the ¢eld operators (Contact
Energy) undertook a deep exploration drilling
programme seeking a more sustainable steam sup-
ply for the ¢eld. The objective was to locate pro-
duction in the basement greywacke through the
drilling of deep, highly deviated wells in order to
mitigate the exploitation e¡ects observed at shal-
lower levels of the reservoir. Although the results
of the drilling were somewhat disappointing from
a production^permeability standpoint, higher
than expected reservoir pressures were encoun-
tered in the eastern part of the ¢eld, and have
in part been the motivation for the current study.
It is in this context that we re-assess the geo-

chemical structure of the Ohaaki system in light
of what we know of New Zealand’s magmatic^
hydrothermal environments (e.g. Giggenbach,
1974, 1987; Christenson and Wood, 1993; Chris-
tenson, 2000), the structure and evolution of the
TVZ (Cole, 1990; Stern, 1987), and the experience
of deep geothermal exploration elsewhere in the
world (e.g. Kakkonda, Muraoka et al., 1998; the
Geysers, Donnelly-Nolan et al., 1993; Kennedy
and Truesdell, 1996), with a view to characterising
the heat source(s) for the system. We present re-
sults of a comprehensive geochemical study of
current production discharges in the ¢eld, and
integrate these results with previous ¢ndings to
create a picture of the nature and location of
the current heat source(s) for the system. The
aim is to provide not only a conceptual model
for the ¢eld which will assist with future explora-

tion/production drilling, but also to shed some
light on the characteristics of arc-type hydrother-
mal systems in the TVZ.

2. Sampling and analysis

Fluids were sampled from a total of 23 wells
from both East- and West-Bank production ¢elds
(Fig. 2) between 1997 and 1999. In most cases,
£uids were sampled from two-phase production
lines using a Webre separator, although only
cold bleed-line gases were available from some
wells. Liquid-phase samples collected at s 100‡C

Fig. 2. Map of the Ohaaki bore¢eld. Shaded boundary re-
£ects the 20^50-6m signature at 1000 m depth (Risk, 1993).
Black lines represent the traces of recently drilled deviated
production wells, and the line marked A^AP, represents the
line of section portrayed in Fig. 3.
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were passed through a cooling coil, and collected
at temperatures typically 6 30‡C. A series of
water/gas samples were taken for analysis includ-
ing a 500-ml raw sample, a 200-ml sample ¢ltered
to 0.45 Wm and acidi¢ed to ca. pH 2, a sample for
dissolved gases, a 500-ml sample taken into acid-
washed plastic containers for trace metal analysis,
and 12-ml water samples taken into glass bottles
for 2H and 18O analysis.
Waters were analysed by a variety of tech-

niques. Cations (including B and SiO2) were ana-
lysed by ICP^OES and AAS, whereas anions were
measured by ion chromatography (F, Cl and Br),
potentiometry (Cl) and titrimetry (HCO3

3 ). pH
was measured by glass electrode calibrated at
pH 4.0 and 7.0.
Steam samples were collected into evacuated

£asks ¢lled with 50 ml of 6 N NaOH. Condensed
steam was collected into evacuated £asks for NH3

analysis, and into 12-ml glass bottles for 2H and
18O analysis. Splits of the non-condensable gases
for noble gas isotope analysis were taken from
these £asks into He di¡usion-resistant breakseal
glass tubes (Dow-Corning 8250 glass). Gases
were analysed by a combination of gas chroma-
tography and wet chemical means following es-
sentially the methods laid out in Giggenbach
and Goguel (1989). Noble gases were analysed
at Lawrence Berkeley National Laboratory on
the RARGA facility following the methodology
described in Kennedy et al. (1985).
Deuterium and 18O analyses were carried out

by equilibrating the water with hydrogen and car-
bon dioxide gas, respectively, at 30‡C. The gases
were then analysed by stable isotope mass spec-
trometry following the method of Hulston et al.
(1981). Results are reported in delta notation rel-
ative to VSMOW where

N
2H ¼ ð2H=HÞsample=ð2H=HÞVSMOW31

� �
U1000x

and similarly for N
18O. Standard deviations of

the measurements are typically P 1.0x and
P 0.1x, respectively. Carbon isotopes on CH4

and CO2 were analysed following the method of
Lyon and Hulston (1984), with standard devia-
tions of P 0.1x.

3. Thermal, chemical and isotopic signatures of
reservoir waters

3.1. Measured reservoir temperatures

The NW^SE cross-section indicated in Fig. 2 is
shown in Fig. 3. This pro¢le is similar to that
presented in Hedenquist (1990), but updated
with measurements from new wells. The Mesozoic
basement greywackes are displaced along normal
faults which coincide with two thermal upwell-
ings, one beneath each of the current production
¢elds. Maximum measured temperatures in the
¢eld were measured on the West Bank in well
34 (310‡C at 2580 m). The thermal gradients are
somewhat steeper on the West Bank than on the
East Bank, particularly in the temperature inter-
val of 275‡C to 300‡C. The maximum tempera-
ture on the East Bank is in well 47 (302‡C, close
to the point of intersection of the well with the
plane of section in Fig. 3). The position of the
contour of 300‡C under wells 36 and 42 in Fig. 3
is not rigorously constrained by measured temper-
atures but is consistent with geochemical data
from production £uids (see below). The maximum

Fig. 3. Cross-section through the Ohaaki reservoir showing
measured temperatures and major structures which o¡set the
basement greywackes. Points labelled 49 and 47 show the in-
tersections of these wells with the plane of section, their re-
spective measured temperatures, and in the case of 49 the
projected location of the bottom of the well (¢lled square).
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Table 1
Composition of waters discharged from production wells at Ohaaki between 1997 and 1999

Well Date CP TA pH Li Na K Ca Mg Rb Cs Cl SO4 B SiO2 HCO3 H2SD NH3D Br F As N
18Owat N

2Owat
(x) (x)

8 10.4.97 3.6 18 7.45 8.1 682 76 9.6 0.49 0.61 0.71 634 88 17.7 303 924 12.0 1.4 2.2 3.8 1.3 35.22 339.8
10 1.5.99 10 19 5.87 6.6 672 78 1.2 0.04 0.64 1.07 894 14 33.0 430 790 7.6 14.0 2.9 3.3 0.3 na na
14 5.5.99 6.8 22 6.85 6.6 736 89 5.9 0.01 0.84 0.97 1121 6 35.0 430 186 3.0 10.0 3.7 8.6 1.0 na na
15 7.4.97 18.1 22 6.30 8.4 726 157 0.9 0.01 1.46 1.05 1170 9 30.1 699 678 16.0 6.0 3.9 5.4 2.9 34.54 339.0
18 13.7.99 3.8 18 7.13 6.9 849 160 3.3 0.01 1.20 1.10 1231 16 27.0 471 375 4.5 6.5 4.9 3.3 0.2 na na
20 15.1.98 0 21 9.16 11.2 936 151 0.7 0.01 1.29 1.17 1197 79 36.4 760 460 5.6 1.6 4.0 5.4 2.6 33.44 336.9
20 25.2.98 8.3 23 8.44 9.7 772 123 0.5 0.01 1.07 0.99 1033 66 31.3 620 458 13.9 3.5 3.7 5.1 2.2 34.47 340.6
22 7.4.97 9.8 22 7.20 11.4 994 194 0.5 0.01 1.60 1.36 1606 21 46.8 546 427 8.0 6.0 5.1 6.4 3.4 33.82 338.9
24 17.3.98 6.9 20 6.92 7.9 799 140 5.7 0.01 1.17 1.27 1398 8 41.6 575 194 4.4 10.0 4.7 4.4 3.6 33.67 342.0
25 10.4.97 10.9 18 8.64 8.4 728 107 0.3 0.02 1.05 1.02 837 23 25.8 596 596 18.0 2.8 2.8 7.8 1.8 34.46 339.5
31 17.3.98 3.4 20 7.90 8.8 800 130 1.3 0.01 1.13 1.09 1116 43 33.4 584 340 11.0 3.8 4.1 5.5 2.8 34.14 342.2
36 19.1.98 0 21 8.66 11.2 1041 155 0.5 0.01 1.39 1.34 1408 10 58.6 790 428 5.8 2.3 4.6 10.8 3.7 32.37 326.4
36 26.2.98 8.7 23 7.78 9.4 788 128 0.5 0.01 1.13 1.07 1124 13 46.8 645 450 13.0 3.9 3.7 8.1 3.0 33.99 339.9
42 11.4.97 14.9 18 6.84 9.1 801 104 1.2 0.01 0.97 1.03 1144 13 48.9 482 450 11.0 6.5 3.7 8.4 2.7 33.97 339.6
43 26.2.98 10.5 18 7.24 9.2 745 136 0.6 0.05 1.40 1.18 1041 11 33.0 742 469 16.0 3.5 3.6 9.1 2.6 34.42 340.6
44 11.4.97 0 22 8.41 10.1 1014 148 3.0 0.01 1.26 1.38 1438 13 53.5 780 300 3.9 3.9 4.6 10.9 4.3 32.45 326.5
44 26.2.98 8.7 23 7.40 8.5 776 122 2.7 0.01 1.13 1.08 1195 15 43.8 645 324 8.4 5.7 4.0 8.8 3.5 34.07 339.8
48 7.3.97 5.7 24 7.05 9.8 847 177 3.5 0.10 1.63 1.42 1409 6 36.9 768 177 5.0 4.4 4.9 6.1 3.6 33.96 338.4
48 19.3.97 4.8 23 6.88 9.8 847 180 2.4 0.01 1.61 1.41 1414 5 35.7 788 205 5.9 4.0 5.3 5.8 3.6 33.93 336.4

Collection pressures (CP) are as bars gauge; concentrations, mg/l; TA, analysis temperature.
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measured temperature in this area is 298‡C in well
36. Although well 49 is much deeper than well 36,
its deviated nature takes it on a track approxi-
mately parallel to the isotherms, and its maximum
temperature is just 290‡C.

3.2. Compositional characteristics of discharged
waters

Analytical and isotopic data for the waters dis-
charged from the production wells are listed in
Table 1. The waters are of dilute alkaline-chloride
composition, although as described by Heden-

quist (1990), shallow £uids in the reservoir show
evidence of steam heating, and consequently are
relatively enriched in HCO3

3 . The discharge from
well 8 shows elevated HCO3, SO4 and Mg con-
tents, suggesting that there is a signi¢cant re-
charge component of steam-heated water in this
production £uid.

3.2.1. Chloride^enthalpy relations
The relationship between heat and Cl content

in the reservoir £uids is shown in Fig. 4, where
reservoir Cl contents and liquid-phase enthalpies
are calculated at the quartz equilibrium temper-

Fig. 4. Chloride^enthalpy diagram. Both Cl and enthalpy values have been calculated at the enthalpy of the reservoir liquid
phase as determined by the quartz solubility temperature. The system mixing line extends to a ¢eld of dilute, steam-heated waters
which have been demonstrated to be the primary diluent in the reservoir (Hedenquist, 1990). The least dilute £uid is produced
from well 22, for which a base £uid temperature of 315‡C and Cl content of 1100 mg/l have been calculated.
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atures (Table 2). The maximum enthalpy of the
reservoir liquid phase calculated in this way is
1219 kJ/kg (277‡C) in £uid from well 43. A system
mixing line can be established for the system by
projecting a line from this discharge to a steam-
heated component of nil Cl content (at approxi-
mately 520 kJ/kg, cf. Hedenquist, 1990).
Using this mixing line as a reference, composi-

tional variations due only to mixing of the source
£uid with the end-member diluent can be ascer-
tained. Changes in heat content and composition
due to vapour loss in the reservoir can be cor-
rected by projecting the discharge compositions
back to the system mixing line along lines con-
necting reservoir compositions to the appropriate
steam enthalpy.
This treatment shows that there is signi¢cant

adiabatic cooling of most of the reservoir £uids,
with discharges from wells 42, 24 and 22 being
most a¡ected by this process. It is also arguable
from Fig. 4 that the West-Bank £uids have the
highest Cl contents in the system, a fact which
led earlier investigators (Mahon and Finlayson,
1977; Hedenquist, 1990) to conclude that the cur-

rent heat source for the system lay under the West
Bank. In their respective models, the main up£ow
for the ¢eld was in the vicinity of well 15, with
out£ow and mixing towards the east.

3.2.2. Stable isotopic signatures of water
The N18O and N

2H isotopic characteristics of the
production waters are portrayed in Fig. 5, where
they are compared to the worldwide meteoric
water line, local groundwater and Waikato River
water (Stewart, 1978a), and to a reasonably com-
plete set of production and monitor well data
from 1990 (Stewart, 1992). The £uids are enriched
by up to 3x in N

18O, and up to 6x in N
2H over

local groundwater compositions. 18O enrichment
is common in TVZ geothermal systems, and has
been variously explained as the result of water^
rock interactions (Stewart, 1978b; Blattner, 1985),
and magmatic inputs (Hedenquist and Browne,
1989; Christenson, 1989). 2H enrichment has
been previously recognised in geothermal systems
associated with arc-type volcanism (Taran et al.,
1989), including Ohaaki and several other systems
in the TVZ (Giggenbach, 1992).

Table 2
Derived reservoir parameters for Ohaaki discharges

Well Pspl Hm Hqz YHm Yexh Tqz Clres

8 3.6 958 863 0.16 0.05 202 563
14 6.8 2438 959 0.84 0.80 223 912
15 18.1 1317 1218 0.22 0.06 278 975
18 3.8 1588 997 0.45 0.33 231 1003
20 0 1095 1142 0.32 0.00 261 822
20 8.3 1095 1129 0.19 0.00 259 841
22 9.8 1242 1083 0.23 0.09 249 1364
24 6.9 1592 1089 0.43 0.29 251 1141
25 10.9 1059 1122 0.16 0.00 257 703
31 3.4 1157 1078 0.25 0.05 248 675
36 0 1749 1139 0.59 0.37 261 964
36 8.7 1749 1144 0.49 0.37 262 905
42 14.9 2155 1046 0.67 0.63 242 1028
43 10.5 991 1219 0.22 0.00 277 819
44 0 1970 1118 0.69 0.51 257 994
44 8.7 1970 1142 0.60 0.50 261 960
48 5.7 1575 1208 0.43 0.23 275 1053
48 4.8 1422 1215 0.36 0.13 276 1044
49 10.7 2134 1149 0.76 0.60 263 720

Pspl, sampling pressure (bg); Hm, measured enthalpy (kJ/kg); Hqz, enthalpy at the quartz equilibrium temperature; YHm, vapour
fraction at the measured enthalpy; Yexh, excess vapour fraction; Tqz, quartz equilibrium temperature (‡C); Clres, Cl concentration
(mg/l) at Tqz.
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Using 2H as a tracer, it is possible to estimate
the proportion of arc-type water (hereafter ATW)
in geothermal discharges by assuming simple
two-component mixing between local meteoric
water (average N

18OW37.2, N
2HW346) and

the inferred ATW composition of N
2H=320,

N
18O=+10 (Giggenbach, 1992). In the case of
Ohaaki, the mean N

2H value of 341.5x equates
to 17% ATW, whereas the maximum N

2H of
340.3x (from well 15) indicates some 22%
ATW in the discharges. There is little distinction
in the range or maximum values of N2H between
the two production ¢elds, although the trends ex-
hibited by the data are of interest when consid-
ered in conjunction with heat- and mass-£ows in
the system (see below).
There is a positive correlation between Cl and

18O contents for the production £uids from both
production ¢elds (Fig. 6a), suggesting reservoir
mixing between a high-Cl, 18O-enriched £uid,
and a dilute, 18O-depleted £uid (zero Cl and
N
18O of 35 to 36x). The inferred end-member
diluent signature is some 1.5^2x heavier than
local meteoric water, suggesting that perhaps par-
tial isotopic equilibration with reservoir rocks
could produce the observed trend in N

18O (e.g.

Blattner, 1985). Alternatively, condensation of
(high-temperature) steam into the reservoir could
also produce the observed dilution trend. To dem-
onstrate this e¡ect, we have selected the Cl-en-
riched £uid from well 24 of the East Bank to
represent a typical, centrally located and high-
temperature reservoir £uid (Fig. 6b). To this £uid
we have added increasing mass fractions of equi-
librium steam, at temperatures ranging from
230‡C to 320‡C. The resulting compositional en-
velope shows reasonable agreement with the other
East-Bank discharges, with the exception of that
from well 42 which is relatively enriched in 18O.
Most of the West-Bank £uids plot below the en-
velope, at slightly lighter N18O signatures. Where-
as they could be argued to have a meteoric water
component, it is clear that the same topology
would apply to these discharges if the curves are
shifted to slightly higher Cl contents.
The correlation between N

2H and Cl (Fig. 6b) is
considerably more complex than that described
for 18O and Cl. There are opposing trends for
the two production ¢elds, with the East Bank
showing an inverse correlation between these con-
stituents, and the West Bank showing a normal
correlation. The data are compared once again to

Fig. 5. N18O^N2H isotopic signatures of the Ohaaki reservoir £uids. The discharge compositions are compared to local ground-
water and Waikato River water.
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local groundwater, ATW, and to condensation
pathways (as described above) for 260‡C and
290‡C) for well 24. For clarity, the 230‡C and
320‡C curves have been deleted from the ¢gure,
as they plot below the other pathways at lighter
signatures that have little bearing on the discharge
compositions. Noting that N2H signatures do not

shift signi¢cantly with water^rock interactions
(e.g. Giggenbach, 1992), the N

2H signatures of
the £uids depend only on mixing relationships
between source components and physical reser-
voir processes such as boiling/condensation.
The West-Bank £uids trend toward an end-

member diluent composition which lies close to

Fig. 6. (a) N2H^Cl and (b) N18O^Cl plots for the Ohaaki production £uids, compared to isothermal vapour gain/loss curves calcu-
lated for 270‡C.
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the N
2H signature for bulk (geothermal) steam.

The East-Bank £uids, on the other hand, trend
from well 24 toward a Cl-free, N2H-enriched £uid
of ca. 32x, implying a signi¢cant component of
ATW in the East-Bank reservoir. As discussed
below, the two end-member components in the
East-Bank reservoir water consist of a diluent
with ca. 60% steam derived from meteoric £uid,
40% ATW, and an out£owing Cl-bearing £uid
similar to that from well 24.
Whereas reinjection of separated waters has

been under way since the ¢eld began production
in 1989, the e¡ects of reinjection returns on the
distribution of 2H and 18O in the reservoir appear,
at the present time, to be minimal or non-existent.
Comparison of current signatures to those taken
in 1990 (Stewart, 1992) and 1985 (Hedenquist and
Stewart, 1985) indicates that the observed trends
are independent of reinjectate component mixing
(Fig. 6).

3.2.3. Equilibrium geoindicators
The alkaline-chloride nature of the reservoir

£uids allows application of equilibrium thermody-
namics as another means of assessing £uid pro-
cesses in the reservoir. The discharge data are
compared to the K^Mg and K^Na geoindicators
of Giggenbach (1991), which are presented in or-

thogonal form (Fig. 7). The alteration assemblag-
es (i.e. K-feldspar+illite+chlorite+quartz and
K-feldspar+albite) on which these thermodynamic
relations are based, are typically observed in the
reservoir (Simmons and Browne, 2000; Heden-
quist, 1990). Not surprisingly, the discharge data
cluster around the full equilibrium line at temper-
atures ranging from 250‡C to ca. 300‡C, and
correspond more or less to the measured reservoir
temperatures. The discrepancy between the K^Mg
and K^Na values for some discharges (e.g. 10 and
48) are likely to be the result of draw-down of
minor amounts of steam-heated £uids into the
production zone. These aggressive £uids are de-
monstrably enriched in Mg (cf. £uid from well 8,
Table 1), and so plot closer to the immature
boundary in Fig. 7.

3.2.4. Light and volatile element signatures in
discharge waters
Apart from variations in water isotopes, so far

there has been little to distinguish the West-Bank
£uids or processes from their East-Bank counter-
parts. However, the distribution of more volatile
solute species presents a rather di¡erent picture. It
has long been recognised that there is a signi¢cant
enrichment in B in the East-Bank production £u-
ids (Fig. 8), where the maximum contents occur in

Fig. 7. Orthogonal plot of K^Mg and K^Na equilibrium temperatures of Giggenbach (1991).
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the vicinity of wells 49 and 42, and the values
monotonically decrease to the north and west of
the system.
The enrichment in B relative to Cl on the East

Bank was ¢rst reported by Mahon and Finlayson
(1977), who considered the anomaly to be the
result of the closer proximity of greywacke base-
ment rocks here to production zones (cf. Fig. 3).

Fig. 8. Contoured Cl/B ratios across the Ohaaki ¢eld. So as to preclude exploitation e¡ects in£uencing the topology, values plot-
ted here are largely those from Hedenquist (1990), with data for newer (i.e. deeper) wells from Contact Energy (well 49) and this
study. Cl/B minima occur in the SE corner of the ¢eld.
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This explanation was taken up by Hedenquist
(1990) who suggested that B was rapidly ¢xed in
hydrothermal minerals forming in the volcanic
units as £uids discharged into them from the
underlying, B-enriched greywackes. Giggenbach
(1989), however, recognised that Cl/B ratios gen-
erally decrease across the TVZ towards the east,
and suggested that the East-Bank B anomaly may
result from the direct input of B here from a
young andesitic intrusion.
If the proximity of greywacke to the production

horizons was responsible for the observed varia-
tions in £uid Cl/B ratios at Ohaaki, one would
expect a vertical strati¢cation of Cl/B water val-
ues, or at least a similar zonation in other systems
that have large basement o¡sets. In fact, there is a
subtle correlation between Cl/B and feed-zone
depth in production wells at Ohaaki (e.g. Glover
and Hedenquist, 1989), but the e¡ect is minimal
in comparison to the spatial Cl/B variation, and
the values are complicated by cross-£ows in the
system. By comparison, the Kawerau system,
which has more than 800 m o¡set of the basement
across the drilled portions of the ¢eld, has near-
uniform Cl/B ratios (Christenson, 1997).
The issue as to whether the greywacke is indeed

higher in B relative to the overlying volcanic lith-
ologies also deserves further examination. The
early hydrothermal experiments of Ellis and Sew-
ell (1963) showed that dissolution of TVZ grey-
wacke did indeed generate waters with low Cl/B
ratios, which is consistent with their being a
source rock of B in the TVZ. However, the results
of their individual experimental runs show that, in
absolute terms, the amount of B released from the
greywacke varied over the same range as the other
(volcanic) lithologies tested. In fact, proportion-
ally more B was released from the volcanic rocks
than from greywacke. Given that both elements
were readily leached from the greywackes, the ex-
planation for low Cl/B ratios in the reacted waters
was that the greywackes are relatively de¢cient in
Cl. Furthermore, the inherently impermeable na-
ture of the greywacke suggests that permeability
within the basement rocks is fracture-related, and
as pointed out by Reyes and Vickridge (1996)
adjacent to these fractures would have been rap-
idly ‘£ushed’ from the system. So, even though

the greywacke is a possible source of B, the prox-
imity arguments made previously are probably
not valid, especially in light of the suggestion
that alteration on the East Bank is older than
that on the West (Hedenquist, 1990).
Relative Li^B^Cl contents for the discharges

are compared to three common TVZ lithologies
and to volcanic crater lake compositions in Fig. 9.
Apart from wells 25 and 10, the East-Bank dis-
charges are clearly enriched in B relative to their
West-Bank counterparts. Wells 25 and 10, with
signatures similar to the most Li-enriched dis-
charges on the West Bank, have recently pro-
duced increasingly dilute, HCO3

3 -rich waters indi-
cating draw-down of shallow, steam-heated £uids
into the production zone. As mentioned above for
well 8, these aggressive £uids carry cation signa-
tures closer to their host reservoir rock composi-
tion (i.e. rhyolite) than the deeper, less aggressive
waters.
Even so, all discharges are Li-depleted relative

to the potential source rocks, which is consistent
with this element entering into hydrothermal al-
teration phases (Reyes and Vickridge, 1996).
Although there is some overlap of compositional
ranges, it is of interest to note that the East-Bank
discharges appear to have closer similarity to the
Cl/B values of the White Island andesite, whereas
the West-Bank compositions are more similar
to the average TVZ rhyolite. Crater lake waters
from Ruapehu and White Island, which are rep-
resentative of magmatic^hydrothermal £uids, are
strongly enriched in Cl relative to either the Ohaa-
ki £uids or any of the TVZ lithologies, suggesting
that magmatic volatiles alone cannot account for
the observed reservoir compositions.
Owing to our ignorance of the deep reservoir

environments, the ultimate source(s) of B and Cl
in the Ohaaki £uids remains somewhat equivocal.
Although the TVZ volcanic lithologies have Cl/B
values similar to those of the Ohaaki discharges,
the volcanic units occur only in the upper 1^2 km
of the reservoir (Fig. 3) and hence are unlikely to
contribute signi¢cantly to the source £uid compo-
sitions. As discussed by Ellis and Mahon (1964)
and shown in Fig. 9, the greywacke basement
rocks are a possible source of B, but the £uids
moving through them are relatively depleted in
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Cl. It is not known what lithologies underlie the
greywacke in the TVZ, but perhaps intrusions at
depth provide the appropriate Cl/B signatures.
Direct magmatic volatile inputs must also be

considered as potential sources for both Cl and
B in the Ohaaki £uids. B is readily transported in
high-temperature vapours as H3BO3 (Quise¢t et
al., 1989), but with decreasing temperature under
subcritical conditions, B partitions increasingly
into the higher-density phase (Glover, 1988).
Since crater lakes serve as fairly e⁄cient condens-
ers of high-temperature magmatic gas (Giggen-
bach, 1974), and noting that there are no B min-
erals stable in the lake waters (Christenson and
Wood, 1993), it seems reasonable to expect that
B behaves conservatively in these systems. Cl is of
course also readily transported in high-tempera-
ture magmatic gas streams as HClðgÞ, but under
subcritical conditions, its volatility becomes a

function of pH and Cl concentration of the
high-density phase. With steady-state conditions
of heat- and mass-£ow into the crater lakes, the
Cl values of these typically low-pH, high-salinity
waters should be considered as minimum values
(allowing for minor losses of HCl gas to the at-
mosphere). This suggests then that the Cl-en-
riched Cl/B ratios for crater lake waters plotted
in Fig. 9 are also minimum values, leading then to
two possible explanations for the low Cl/B ratios
in the East-Bank £uids at Ohaaki. Either they
re£ect dissolution of a volcanic-intrusive lithology
within the basement greywacke complex, or the
dissolution of B-enriched greywacke basement
rocks by aggressive HCl-bearing magmatic £uids.
Relative contents of F, Cl, and B in the Ohaaki

discharges are portrayed in Fig. 10, where most
East-Bank discharges are shown to be signi¢-
cantly enriched in F compared to the West

Fig. 9. Relative contents of Li^B^Cl in the Ohaaki reservoir £uids. Discharge data are compared to typical White Island andesite
(Wardell et al., 2000), average rhyolite and average TVZ greywacke (Reyes and Vickridge, 1996), White Island crater lake
(WICL, Christenson, unpublished data) and Ruapehu crater lake (RCL, Christenson, 2000).
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Table 3
Composition of steam discharged from Ohaaki production wells

Well CT He H2 O2 N2 CH4 Ar H2S CO2 NH3 CO Xg H2O N
18Ostm N

2Hstm N
13CCO2 N

13CCH4 R/RA 40Ar/36Ar TvMd THA

(‡C) (Wm/m) (x) (x) (x) (x) (‡C) (‡C)

Production well discharges

BR8 149 0.24 287.8 6 0.05 1 339 2 427 2.58 463 56 157 234.8 0.10 6 0912 939 088 38.64 356.5 38.4 326.5 5.59 298.6 410 318

BR15 210 0.03 21.0 0.05 110 201 0.29 125 7 605 347.1 0.48 8 410 991 590 36.45 343.7 38.3 326.3 4.80 299.6 412 305

BR20 177 0.02 17.3 6 0.05 113 224 0.38 123 9 884 277.0 na 10 638 989 362 37.12 344.8 38.0 326.5 na na 395 291

BR22 183 0.03 38.0 0.20 155 304 0.41 200 13 822 275.9 na 14796 985 204 36.15 344.5 38.7 326.7 4.40 297.8 412 312

BR24 170 0.04 53.8 6 0.05 127 243 0.39 199 12 479 34.5 na 13137 986 863 36.61 349.7 37.8 326.5 na na 396 325

BR25 188 0.02 5.9 0.29 50 102 0.22 73 8159 198.3 na 8 589 991 411 36.69 345.5 39.5 326.7 4.80 301.4 430 276

BR31 147 0.08 155.2 6 0.05 226 394 0.55 310 22 272 63.1 na 23 421 976 579 37.41 353.8 38.1 326.1 na na 411 346

BR36 179 0.03 122.4 6 0.05 139 265 0.27 251 16 891 294.6 na 17 964 982 036 36.52 342.8 38.0 325.8 3.60 318.3 417 360

BR42 199 0.04 150.5 0.25 218 413 0.30 247 23 774 453.3 0.08 25 257 974 743 35.93 342.8 38.9 325.8 3.13 304.4 437 364

BR43 186 0.06 50.9 0.87 247 409 2.20 230 18 979 254.8 0.02 20 174 979 826 36.65 345.1 38.8 326.2 5.54 298.4 425 270

BR44 179 0.04 132.4 6 0.05 194 340 0.45 296 20 100 381.6 na 21 443 978 557 36.59 345.0 37.5 326.4 3.63 318.0 415 348

BR48 163 0.08 62.9 6 0.05 271 504 0.76 308 18 609 313.6 na 20 069 979 931 36.82 348.5 na na na na na 309

BR49 186 0.08 134.0 6 0.05 369 651 0.50 297 32 635 366.9 na 34 454 965 546 36.09 344.2 38.4 326.0 2.58 305.5 420 345

Bleed-line gas samples

BR26 3.73 4 980.0 6 0.05 17 440 32 042 34.36 6471 939 030 na na 1 000 000 0 na na 36.4 326.2 na na 376 326

BR17 2.14 2 594.2 6 0.05 12 339 21 194 27.05 4 386 541 050 131.2 na 581 725 418 275 na na 37.1 na na na na 314

BR5 6.50 48.7 36.06 39 073 65 846 64.11 2 984 690 096 na na 798 153 201 847 na na 36.3 326.6 4.59 301.9 366 167

BR1 3.39 2677.9 6 0.05 15 594 29 085 25.01 3 003 914 680 9.7 na 965 078 34922 na na 36.1 327.6 na na 345 317

BR9 0.49 5 473.3 6 0.05 6 349 13 069 18.61 9 218 812 293 3.1 na 846 425 153 575 na na 37.1 326.3 na na 386 348

BR10 2.78 2 292.5 6 0.05 13833 23 293 29.92 3 224 693 530 6.7 na 736 212 263 788 na na 37.0 325.4 2.95 321.9 404 307

BR33 0.02 228.0 1.71 131 349 0.57 617 55 528 39.9 na 56 895 943 105 na na 38.9 327.7 na na 395 357

BR14 0.05 243.5 6 0.05 263 450 0.74 386 21 315 66.2 na 22 725 977 275 na na 37.7 326.2 na na 401 351

BR7 6.26 2 816.6 0.00 35 140 54 312 68.26 3 554 795 146 na na 891 043 108 957 na na na na 2.81 314.6 na 288

All concentrations as Wmol/mol. TMC, 13C CH4^CO2 fractionation temperature; THA, H2^Ar geothermometer temperature.
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Bank. Saturation calculations show that F con-
tents are not solubility-controlled by £uorite in
any of the discharges.
The discharges are compared to temperature-

indexed B^Cl^F data from a fumarolic discharge
on White Island volcano, to compositions of Rua-
pehu crater lake water (Christenson, 2000), to
TVZ rock compositions (Ellis and Mahon,
1964), and to a larger data set of temperature-
indexed Cl/F ratios from White Island (Giggen-
bach and Sheppard, 1989). Collectively, the fu-
marolic data suggest that relative £uoride con-
tents of the discharges vary directly with
temperature in these environments. The position
of Ruapehu crater lake water indicates the dis-
charge of a high-temperature magmatic gas
stream into the vent hydrothermal system, which
is consistent with the ¢ndings of Christenson and
Wood (1993). In this context, the high F values in
the East-Bank discharges may result from the
condensation of magmatic volatiles at tempera-
tures approaching 400‡C, whereas the West-
Bank £uids derive from a cooler, or F-depleted
source. Alternatively, the enrichment in F in the

East Bank could be explained by the local (en-
hanced) dissolution of F-bearing reservoir rocks.
As described above, this scenario requires in-
creased hydrolysis capability which, of course, is
consistent with elevated magmatic volatile con-
tents.

4. Chemical and isotopic characteristics of gas
discharges

4.1. Chemistry of non-condensable gases

Chemical and isotopic data for gases dis-
charged from the Ohaaki wells are listed in
Table 3. In general, the gas compositions are sim-
ilar to those discharged from other geothermal
¢elds in the TVZ, with the redox state of the
£uids being controlled by the FeO^FeO1:5 rock
bu¡er. What sets the Ohaaki £uids apart from
most other TVZ systems is the high total dis-
charge concentration of gas in the discharges,
with non-condensable gas contents ranging up
to 1 mol (ca. 4% b.wt.). The high gas yields led

Fig. 10. Relative contents of Cl^B^F. Data are compared to temperature-indexed compositional Cl^B^F trends from White Is-
land, temperature-indexed Cl/F ratios from White Island (Giggenbach and Sheppard, 1989; Christenson, unpublished data), and
to Ruapehu crater lake compositions (Christenson, 2000).
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Grant (1977) to regard the system as ‘gas-domi-
nated’, with natural two-phase conditions extend-
ing to at least 2 km depth. Owing to the two-
phase nature of the system, rigorous calculation
of the CO2 content of a possible single-phase
source £uid is impossible.
Thermodynamic assessment of the gases is like-

wise complicated by the high enthalpies of many
of the discharges (Table 2). This is demonstrated
through comparison of the total discharge CH4

and CO2 compositions at the reservoir tempera-
tures (de¢ned by the quartz equilibrium temper-
ature, Tqz, Table 2) to the temperature-dependent
equilibrium ratios for these gases (Fig. 11,
adapted from Giggenbach, 1980). Most of the dis-
charges plot in the ‘vapour gain’ ¢eld con¢rming
that the discharges represent non-equilibrium
mixtures of vapour and liquid. Nevertheless, val-
uable information regarding source £uid charac-
teristics can still be obtained.
As pointed out by Giggenbach (1989, 1995), the

non-reactive gases (e.g. N2^Ar^He) discharged
from wells at Ohaaki have many characteristics
in common with those discharged from arc-type
volcanoes (Fig. 12). Here the gases are compared
to the range of compositions observed in arc-type
discharges, air, air-saturated water and to crustal
gases which are normally enriched in radiogenic
He. The Ohaaki discharges plot along a line con-
necting N2-rich arc-type gases with air compo-
nents. There is little to distinguish the East- and
West-Bank £uids, both of which have amongst
the highest N2/Ar ratios in the TVZ, suggesting
that the heat source(s) in both production ¢elds
have similar arc-type a⁄nities.
If we accept that the majority of Ar in these

systems is of atmospheric origin (Giggenbach,
1991), then the N2/Ar ratio can be used to identify
their source upwelling(s) within the system
(Fig. 13). The highest N2/Ar values are found in
the southern part of the ¢eld on the East Bank
(wells 42 and 49), and these are linked via a broad
zone of elevated N2/Ar ratios to another local
East Bank high in the vicinity of BR1. Another,
less extensive area of elevated N2/Ar ratios is
found on the West Bank, and appears to delineate
the basement fault shown in Fig. 3. The maxi-
mum ratio of 609 from well 5 is of interest in

that it is situated at the ¢eld margin as de¢ned
by the resistivity boundary at 1000 m depth
(Fig. 2).
The maximum ratio in the ¢eld is 747 from well

42. Along with £uids from well 49, this well also
yields the minimum measured Cl/B ratios, clearly
identifying a major source upwelling for the ¢eld.
It appears that £uids here rise along another of
the inferred basement faults, in this case, the one
forming the western side of a basement horst
block (Fig. 3). The local high N2/Ar ratio in the
vicinity of well 1 may also relate to some fault
structure, possibly en echelon to the NE-trending
structure to the south, but this needs to be proven
from further drilling.
A comparison of the relative total discharge

He^CO2^Cl contents of the £uids (Fig. 14) shows
the East-Bank wells to be enriched in CO2 relative
to those on the West Bank. As a check to see if
the eastern discharge compositions can be derived
from those to the west through boiling, a single-

Fig. 11. Log Kc for West- and East-Bank discharges at their
respective quartz equilibrium temperatures compared to log
K vs. T for the Fischer^Tropsch reaction, and isopleths for
steam fractions added/lost from the £uid. Modi¢ed from
Giggenbach (1980).
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stage isenthalpic cooling pathway has been con-
structed for the £uid of well 48. This £uid was
chosen because it has the highest relative gas con-
tents from the West Bank, with little evidence of
steam heating. The results show that the liquid-
phase envelope encompasses all of the other West-
Bank £uid compositions except that for well 8,
which shows evidence for mixing between the par-
ent £uid and vapour derived from a 20% mass
fraction separation. The latter is consistent with
both the Cl^enthalpy characteristics and the rela-
tive CH4^CO2 contents of the discharge (Figs. 4
and 11 above).
The discharge data in Fig. 14 are also com-

pared to time series data for some 26 fumarolic
discharges from White Island fumarole #3 (Gig-
genbach and Sheppard, 1989; Christenson, un-
published data), collected over a temperature
range of 100^772‡C. The relative CO2 contents
from White Island correspond closely to the range
of compositions exhibited by the CO2-enriched

East-Bank £uids, with CO2/He ratios ranging be-
tween 300 000 and 700 000. This suggests that the
£uids discharged on the East Bank are less
evolved (i.e. have interacted less with the reservoir
rocks) than those on the West Bank.
Not surprisingly, there is a negative correlation

between CO2 and Cl/B in the discharges (Fig. 15),
pointing to a common source for CO2 and B on
the East Bank. The implications of this correla-
tion are discussed below.

4.2. 13C signatures of discharge gases

N
13CCO2 values for the deep discharges range

from 37.5x to 39.5x (Table 3; Fig. 16).
There is little observable distinction between the
East- and West-Bank compositions, and collec-
tively the deep £uids have a mean N

13CCO2 value
of 38.3x, and a standard deviation of 0.5x.
Bleed-line samples show a wider compositional
range for N13CO2 (36.4 to 38.9x), possibly re-

Fig. 12. Relative contents of N2^He^Ar for East- and West-Bank discharges, compared to arc-type, mantle, crustal, air and air-
saturated water gas compositions, and to a range of New Zealand volcanic arc discharge gases (Ru, Ruapehu; Kt, Ketatahi; Ng,
Ngauruhoe; and WI, White Island). Adapted from Giggenbach (1995).

VOLGEO 2418 3-6-02

B.W. Christenson et al. / Journal of Volcanology and Geothermal Research 115 (2002) 53^82 69



Fig. 13. N2/Ar ratios across the Ohaaki ¢eld.
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£ecting boiling-induced fractionation and/or asso-
ciated calcite deposition in the respective well-
bores. The deep £uids have N

13CCO2 signatures
coinciding with the isotopically lighter end of
the range of typical mantle values (36.5 P 2.5;
e.g. Nishio et al., 1998), and data positions in
Fig. 16 are consistent with a predominantly mag-
matic origin for the carbon, with perhaps a small
contribution from organic (i.e. kerogen) sources.
The N

13CCH4 values range between 325.8 and
326.7 in the deep £uids, and have a mean value
of 326.4 and a standard deviation of 0.3.
The N13C signatures of CO2 and CH4, and their

equilibrium fractionation temperatures in the dis-
charges (Table 3) are summarised in Fig. 16 where
the data are compared to equilibrium fractiona-
tion isotherms and two possible end-member C
source components. The 13CH4^13CO2 isotope
equilibration temperatures have an advantage
over their chemical equilibrium counterparts in
that they are not sensitive to excess enthalpy con-
ditions, and hence more accurately re£ect condi-
tions in the reservoir at the point and time of

equilibration. On the other hand, isotope ex-
change kinetics are signi¢cantly slower than their
chemical counterparts (e.g. Giggenbach, 1997),
and as such are therefore more likely to preserve
deeper equilibrium temperatures.
From Table 3 and Fig. 16, the equilibrium tem-

peratures span a range of 366^437‡C across the

Fig. 14. Relative contents of He^Cl^CO2 in £uid discharges for the Ohaaki ¢eld, compared to a single-stage isenthalpic cooling
pathway calculated for the discharge from well 48 showing liquid- and vapour-phase compositions (squares and circles, respec-
tively).

Fig. 15. Ohaaki reservoir Cl/B plotted as a function of total
discharge CO2 contents.
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¢eld. Temperatures associated with the main N2/
Ar anomaly on the East Bank are uniformly
above 400‡C, with a maximum of 437‡C for the
gases from well 42. Equilibrium fractionation
temperatures for the West-Bank discharges are
generally lower, ranging from 345‡C to 412‡C.
The two outlying N2/Ar ratio maxima for wells
5 and 1 (Fig. 13) have equilibration temperatures
considerably lower than measured in the central
plumes, pointing perhaps to the complex relation-
ship which exists between £ow velocity, depth and
reaction kinetics in the reservoir.

4.3. Noble gas isotope characteristics

3He/4He and 40Ar/36Ar data for the production
£uids available between 1978 and 1986 were pub-
lished by Hulston and Lupton (1996). They re-
ported that 3He/4He values from the West Bank
were signi¢cantly higher than those from the East

Bank, and the East-Bank £uids had considerably
more radiogenic 40Ar/36Ar ratios. They suggested
that this di¡erence was due to leaching of 4He
from the basement greywackes, but did not ex-
plain why this should be observed on the East
Bank and not on the West Bank. In the present
work, we sought to add to the existing data set for
the Ohaaki ¢eld, particularly with respect to gases
from newer production wells on the East Bank so
that all results could be collectively assessed.
3He/4He and 40Ar/36Ar data obtained for this

study are listed in Table 3, and are plotted along
with that of Hulston and Lupton (1996) in Fig. 17.
There is reasonable agreement between the earlier
3He/4He data and the results presented here, but
the 40Ar/36Ar values from the current study are
notably higher. The reason(s) for this discrepancy
is unknown, but may re£ect on changes in the
reservoir brought about by 10 years of production
from the ¢eld. Nevertheless, there is broad agree-

Fig. 16. CH4^CO2 13C compositions for East- and West-Bank production discharges. Data are compared to equilibrium fraction-
ation isotherms and possible end-member carbon sources. Modi¢ed from Giggenbach (1997).
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ment between the two studies with respect to an
overall trend of increasing radiogenic components
(4He and 40Ar) from west to east. The distribution
of data can be explained in terms of three-com-
ponent mixing between a rather MORB-like
West-Bank source gas with R/RAW6.0 and 40Ar/
36Ar of 295, an East-Bank source gas with R/
RAW3.5 and 40Ar/36Ar of 324, and air (R/
RAW1.0 and 40Ar/36Ar of 295).
It is noteworthy that with the exception of well

49, the East-Bank discharges positioned closest to
the inferred radiogenic-enriched end-member
composition in Fig. 17 are from wells lying closest
to the basement fault structure which coincides
with the highest N2/Ar and lowest Cl/B ratios in
the ¢eld. Rare gas signatures from well 49 show
evidence of air contamination; projection of the
well 49 composition back to the east^west mixing
line, however, shows that it too is relatively en-
riched in radiogenic gases. Again, this area corre-
sponds to the main £uid upwelling on the East
Bank, and is therefore a highly desirable target
for future deep drilling in the ¢eld.
The relationship between CO2 and 3He to R/RA

in the reservoir £uids is shown in Fig. 18a where
the Ohaaki discharges are compared to end-mem-

ber MORB mantle compositions and crustal £u-
ids of di¡erent CO2/3He ratios. Collectively the
£uids plot at CO2/3He values considerably higher
than those of MORB (Marty and Jambon, 1987),
consistent with the views of both Hulston and
Lupton (1996) and Giggenbach (1995) that the
£uids include a signi¢cant C contribution from
crustal sources. The East-Bank £uids have higher
CO2/3He ratios than those from the West Bank,
and the negative correlation between R/RA and
CO2/3He is consistent with MORB-type gas mix-
ing with a crustal end-member component having
a maximum CO2/3He of ca. 2.5U1011. These val-
ues, which are similar to those observed in sedi-
mentary basins, are higher than the values re-
ported in Hulston and Lupton (1996).
Further insight into the origins of the crustal

carbon component is provided through applica-
tion of the treatment developed by Sano and
Marty (1995) which correlates 13C with 3He/4He.
Three end-members are considered in their formu-
lation, including MORB gases, marine limestone
and organic carbon-rich marine sediment, which,
respectively, represent the three vertices of
Fig. 18b. The results show that the C from both
production ¢elds is dominated by a limestone car-

Fig. 17. R/RA vs. 40Ar/36Ar for Ohaaki production £uids, including data from Hulston and Lupton (1996) and this study.
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bon source (ca. 70%), and that the East-Bank
£uids are slightly enriched in this end-member
over those from the West Bank. The results also
indicate a comparatively small mantle C compo-

nent in the discharges, with perhaps slight relative
enrichment in this end-member in the West-Bank
discharges.
Unfortunately, this methodology does not al-

Fig. 18. (a) R/RA vs. CO2/3He plotted against contours for various crustal gas compositions. East- and West-Bank discharges are
compared to signatures for air, air-saturated water, MORB mantle gas, and to a range of crustal gas end-member component
compositions with CO2/3He ratios ranging from 106 to 1013. The Ohaaki discharges are mixtures between a MORB-type mantle
gas and a crustal gas with a CO2/3He ratio of ca. 1011:5. Although plotting at lower observed CO2/3He ratio, a single sample
from the Wairakei production ¢eld (wk80) not surprisingly has similar end-member components to those at Ohaaki. (b) Carbon
source contributions to the Ohaaki discharges, plotted in terms of three end-member components (marine limestone, marine sedi-
ments and MORB-type mantle gas).
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low discrimination between subducted carbonate-
bearing sediments and contributions from assimi-
lated crust (e.g. carbonate contained in greywacke
basement rocks). Comparison of the Ohaaki dis-
charges to those from high-temperature arc-type
volcanoes, including White Island (Sano and
Marty, 1995), and to the Wairakei and Ngawha
geothermal systems in New Zealand shows that
the geothermal system gases are relatively en-
riched in the limestone carbon over their higher-
temperature counterparts. This suggests that the
large, hot-water systems in New Zealand have a
minor, but measurable contribution of carbonate
C from the basement rocks.

5. Discussion and conclusions

5.1. Location of the heat sources

Collectively, the above results are consistent
with the suggestion of Giggenbach (1989) that
two distinctly di¡erent source £uids discharge
into the Ohaaki reservoir. The di¡erences between
these £uids are most clearly expressed in their less
reactive, volatile-constituent signatures, with the
East-Bank £uids being volatile-enriched, and less
evolved (i.e. more magmatic) than their western
counterparts. The more reactive, non-volatile con-
stituents (e.g. alkali and alkaline-earth metals) ap-
pear to more readily equilibrate with reservoir
rocks at local conditions, masking information
about the heat source environment.
Questions which remain unresolved for the

Ohaaki system, and which are of utmost interest
to the ¢eld operators, pertain to the depths and
physico-chemical characteristics of the respective
heat sources. Whereas observed di¡erences in
source £uid chemistry probably re£ect the relative
ages of the intrusives, with the East Bank being
considerably younger (Giggenbach, 1989), the ef-
fects of dispersion of the upwelling source £uids
must be considered. In our view, the short distan-
ces over which the geochemical anomalies be-
tween the East Banks and West Banks are ob-
served suggests that the East-Bank heat source
probably resides at a shallower depth than that
on the West Bank. If degassing magma was as

deep as 8 km, in accordance with the ‘hot-plate
modelling’ referred to previously, the geochemical
signatures observed in the respective production
reservoirs would be expected to be far less distinct
owing to di¡usion and co-mingling of the £uids
during their ascent.
Unfortunately, it is not possible to unequivo-

cally quantify the depth to an intrusive body on
the East Bank with the geochemical data to hand,
and there is no geophysical information presently
available with which to resolve the problem. We
do know that the heat sources on both banks lie
below the drilled reservoir, as there has been no
indication of the alteration style or intensity en-
countered in the alteration halo as is associated
with the Ngatamariki intrusive. At Ngatamariki
the alteration halo extends ca. 1000 m above the
intrusive contact (Christenson et al., 1998), which
is similar to the dimensions of the so-called con-
tact metamorphic zone occurring over the rela-
tively shallow granitic intrusion intersected by
drilling at Kakkonda, Japan (Doi et al., 1998).
We are, however, able to establish some con-

straints on the depth to the brittle^plastic transi-
tion (hereafter BPT) zone associated with the in-
trusive. One approach is to consider the boiling-
point^depth relationship for the reservoir £uids,
being mindful of the fact that the calculated mini-
mum depth of ¢rst boiling increases coherently
with gas (principally CO2) contents. If the top
of the BPT is at a temperature of ca. 370‡C
(e.g. Fournier, 1999), and if we accept that the
upwelling £uid has a CO2 content of ca. 4.4%
by mass (i.e. 1 mol, Sutton and McNabb, 1977),
then we can calculate a minimum depth of ca.
2700 m to the BPT zone, assuming saturated va-
pour conditions and cold (10‡C) hydrostatic con-
¢ning pressures. Using observed pressure/depth
constraints from the Ohaaki ¢eld (unpublished
data, Contact Energy), the calculated depth to
the 370‡C isotherm is ca. 3100 m.
An overriding assumption in these calculations

is that the reservoir £uid in the water column is
everywhere at boiling temperature down to the
370‡C isotherm. Whereas this condition at Ohaa-
ki cannot be proven without further drilling, this
seems likely as it provides a natural, self-adjusting
control on convective heat £ow over a shallow
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intrusive (cf. Hayba and Engebritsen, 1995; White
and Christenson, 2000). Above 370‡C, £uid tem-
peratures and pressures would become increas-
ingly in£uenced by lithostatic con¢ning pressures
in silica-rich rocks (Fournier, 1999), as observed
in Kakkonda granite (Tosha et al., 2000). Under
these conditions the temperature gradients are
conductive, with gradients as steep as 33‡C/100 m.
Another means of estimating the minimum

depth to the BPT zone can be obtained from
the 13C equilibrium fractionation kinetics between
CH4 and CO2. As stated previously, the N13C sig-
natures for CO2 and CH4 imply equilibrium tem-
peratures on the East Bank ranging between
400‡C and 430‡C. The fact that CH4 is not a
major gas species in volcanic discharges suggests
that both chemical and isotopic equilibration
would take place in the aqueous environment ei-
ther within, or adjacent to, the BPT zone. The
reaction rates for both chemical and isotopic
equilibration are strongly temperature-dependent
(Giggenbach, 1997), with a half-time rate expres-
sion for chemical equilibrium of

logth ¼ 36:69þ 4440=T ðKÞ

with the estimated rate of isotopic equilibration
for the exchange reaction

13CO2 þ 12CH4I
12CO2 þ 13CH4

some 400 times slower than that for chemical
equilibration.
The rate of convective up£ow depends on the

porosity and the heat input, which in turn con-
trols the vapour^liquid saturation state of the £u-
id. A conservative heat transfer rate of 10 W/m
adjacent to the postulated intrusion yields a darcy
velocity of ca. 0.5U1037 (S. White, personal com-
munication, 2000). Assuming a bulk porosity of
10% for the host greywacke, this leads to a £ow
velocity of ca. 16 m/yr (White, 1995). With a half-
time for the 13C exchange reaction at 430‡C of ca.
170 yr, in order to retain the 430‡C signature, the
£uids would have moved no more than 2700 m.
Noting that the production wells on the East

Bank produce from between 1100 and 1400 m
(Fig. 3), this suggests that the depth of the
430‡C isotherm (and the BPT boundary) is be-
tween 3800 m and 4100 m, which agrees reason-
ably closely with the values estimated from boil-
ing-point^depth considerations.
It should be stressed that depths calculated in

this fashion are sensitive to both the heat £ow and
porosity parameters chosen for the calculations,
and as such are indicative only. For example, if
heat £ow is doubled to 20 W/m2 at 10% porosity,
the depth to the BPT increases to ca. 8 km. If the
porosity is halved at the original energy £ow of 10
W/m2, the calculated depth to the 430‡C isotherm
is 5.4 km. Fitting energy £ow and porosity to
measured ¢eld parameters is beyond the scope
of this paper; however, the values chosen for
the above parameters result in £ow velocities
that are broadly representative of such systems
(e.g. Hayba and Engebritsen, 1995).
From these calculations, we suggest that a late-

Quaternary intrusive (perhaps similar to the
quartz diorite encountered at Ngatamariki), is sit-
uated at a minimum depth at around 4 km depth
on the East Bank.

5.2. Near-source environment and processes

As noted previously, the stable isotope data for
the Ohaaki discharge water indicate that the con-
vectively circulating £uids in the system are pre-
dominantly meteoric. The ca. 20% magmatic com-
ponent in the discharges probably derives from
magmatic vapour which periodically discharges
across the BPT into overlying meteoric circula-
tion. The periodicity of breaching of the BPT by
magmatic vapour will be a complex function of
£uid pressure within the BPT zone, magma move-
ment, strain rate and tectonism (Fournier, 1999).
Pressure £uctuations associated with the breach-
ing, on the other hand, will lead to rapid sealing
of the failed zones by quartz (Mroczek and Chris-
tenson, 2000), thus prescribing a cyclic process.
The transient £ows of heat and gas into the con-
vecting £uids overlying the BPT zone will cause
£uctuations in the vapour^liquid saturation prop-
erties of the £uid, but as stated previously, the
temperature^depth relationship will be bound by
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the saturated vapour pressure of the water^gas
mixture.
An interesting ¢nding of this study is that CO2

and CH4 appear to equilibrate at temperatures
above that of the BPT. This does not necessarily
imply equilibration under supercritical conditions,
but raises the more likely scenario that equilibra-
tion takes place within the conductively heated
region adjacent to the crystallising magma, and
in the presence of the high-salinity brine accumu-
lation (e.g. Fournier, 1999). The possible redox^
temperature pathway that these £uids might fol-
low is portrayed in Fig. 19a (modi¢ed from Gig-
genbach, 1987).
The initial redox state of the arc-type source

melt is likely to be regulated by the Ni^NiO bu¡er
(e.g. Gill, 1981; Luhr, 1992). Cooling of this melt
will invariably lead to exsolution of a supercritical
aqueous-rich vapour, the redox state for which
will be in£uenced by competing bu¡ers in the re-
spective vapour and melt phases. In the event of a
rapid breaching of the magma chamber, such as
might occur in a volcanic eruption, the SO2^H2S
bu¡er will control the redox state of the £uid
phase (Giggenbach, 1987). If, on the other hand,
the £uids are trapped into £uid accumulations
within the BPT zone, the redox state of the £uid
will become increasingly dominated by the FeO^
FeO1:5 ‘rock’ bu¡er, and with further cooling, the
£uid composition will shift toward the CH4^CO2
bu¡er, as indicated in Fig. 19a. As the £uid cools,
it will eventually reach critical point conditions
for its respective bulk salinity, and with further
cooling it will generate a high-density brine phase
and a low-density, volatile-rich phase. The 13C
isotopic evidence suggests that the volatile-rich
phase formed in this manner adjacent to the
East-Bank heat source is CH4-bearing, and that
this gas periodically breaches the BPT zone to
enter into the overlying convecting reservoir.
The Ohaaki data are plotted in Fig. 19a at their

Fig. 19. (a) RH vs. THA. Arrow shows possible cooling path
for magmatic source components in Ohaaki discharges. (b)
RH vs. pH plot with reaction path traces for titration of
greywacke into oxidised and reduced magmatic condensate at
300‡C.
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respective H2/Ar equilibrium temperatures. The
H2/Ar temperatures are everywhere higher than
the measured temperatures, pointing to the pres-
ervation of higher-temperature equilibrium condi-
tions. The East-Bank values approach the BPT
temperature, and are higher than those observed
on the West Bank, similar to the relationships
observed for 13C fractionation. Although there is
some scatter in the data, most discharges plot
between the FeO^FeO1:5 and CH4^CO2 (brine)
bu¡ers.
The relationship between redox potential and

the ability of the magmatic source £uids to pro-
mote hydrolysis reactions is shown in Fig. 19.
Here the traces of two reaction path calculations
simulating the interaction between two magmatic
volatile condensates (one oxidised, one reduced)
and greywacke reservoir rocks are plotted in
pH^RH (i.e. logðf H2=f H2OÞÞ space. The calcula-
tions have been made for 300‡C using the reaction
path code REACT (Bethke, 1992). The bulk £uid
composition comprises 1.0 kg of the inferred mag-
matic gas from White Island (Giggenbach and
Sheppard, 1989) condensed into 7 kg water at
300‡C, and the greywacke composition is from
core retrieved from the Ohaaki ¢eld (Palmer et
al., 1995). The ‘oxidised’ £uid in the model is
essentially the inferred White Island composition
with a total S content of 1.8 mol%, and a
SO2 :H2S mole ratio of 75:25. The reduced £uid
is the same bulk composition, but has a SO2 :H2S
mole ratio of 5:95.
The role of sulphur species in controlling the

redox state and pH of the £uids is readily appar-
ent. Both condensates are initially in equilibrium
with SO2, but through reaction with FeO in the
greywacke and associated acid neutralisation re-
actions with silicate minerals, the £uid composi-
tion migrates along the H2Saq^HSO3

4 bu¡er to-
wards increasing pH. When the last of the
oxyanions of S are consumed, the path diverts
directly toward the FeO^FeO1:5 bu¡er, and it is
only at this point where signi¢cant quantities of
CH4 begin to be produced. The pH at which CH4

is initially produced is dependent on the
(HCl+HF)/SO2 ratio of the volatile mix, with
the relatively reduced starting £uid generating
CH4 at lower pH than its oxidised counterpart.

Although the simulation temperature of 300‡C is
signi¢cantly lower than that inferred for the BPT
zone, which has obvious implications for the char-
acteristics of the solvent (e.g. acids being less dis-
sociated at higher temperature), this does not sig-
ni¢cantly a¡ect the relationship between sulphur
reduction, hydrolysis capability of the £uid and
generation of CH4.
The previous discussion leads us to conclude

that the condensed magmatic^meteoric £uid mix-
ture residing above the BPT at Ohaaki will be
fairly reduced, and not strongly acidic. The reac-
tion path modelling shows that at 300‡C and a
pH of 4.4, this £uid is in equilibrium with quartz,
magnetite, chlorite and the Mg-£uoride mineral
hercynite. With further acid neutralisation (to
pH 5.5), this assemblage gives way to muscovite,
biotite, quartz, magnetite and rhodocrosite. At
these higher pH values, any signi¢cant pressure
transients will lead to rapid partitioning of CO2
from solution, increased pH and the deposition of
calcite (e.g. Simmons and Christenson, 1994).
Hence, production of £uids from this environ-
ment would certainly lead to calcite scaling in
both wells and formation.

5.3. Reservoir model

A geological and geochemical reservoir model
which is consistent with the above ¢ndings is
shown in Fig. 20. Drawn at the same scale as
Fig. 3, it shows a small intrusive body under the
East-Bank production ¢eld at a depth of approx-
imately 4000 m. As discussed above, the reservoir
is expected to be two-phase (vapour^liquid) down
to the BPT zone, which here is shown to encom-
pass a temperature range of 370^400‡C. From the
above calculations, the depth to the BPT zone
could be as shallow as 3500 m. Heat and mass
transfer across the BPT zone and conductive
heat £ow drive convection above the intrusive,
with £ow channelled through fault zones which
bound the small horst block under the East Bank.
The other main upwelling for the ¢eld is as-

sumed to derive from an older and/or deeper in-
trusive heat source. That this £uid contains more
Cl than its younger, shallower neighbour to the
east is consistent with the older heat source hav-
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ing cooled su⁄ciently to have exposed, through
brittle fracturing, its high-salinity brines to con-
vecting meteoric waters. Thus the high-salinity
£uids are being £ushed from the system as ob-
served at Ngatamariki (Christenson et al., 1998).
Such a process would also account for the close
similarities in the heaviest observed signatures for

N
18O and N

2H in water from both production
¢elds.
As stated previously, the presence of a young,

shallow intrusive on the East Bank is most con-
sistent with the observed gas signatures from the
two production ¢elds, particularly the N2/Ar and
the CO2/He ratios, but it can also account for the

Fig. 20. Reservoir model for the Ohaaki geothermal ¢eld.
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B and F enrichment in the East-Bank discharges
via direct volatile transport and enhanced water^
rock interaction processes.
The apparent enrichment of radiogenic gases in

the East-Bank discharges is also accounted for in
this model. Noting that the gases from both pro-
duction ¢elds have arc-type magmatic character-
istics, and given the close proximity of West-Bank
MORB-like 3He/4He signatures to the relatively
depleted 3He signatures in the east, there is little
to suggest that the di¡erences are related to deep-
seated (i.e. subduction zone) crustal processes.
Rather, it is more likely that the signatures re£ect
assimilation of crustal material which has not
been previously degassed, or perhaps as an exten-
sion of this process, that the release of radiogenic
gases through hydrothermal alteration of grey-
wacke adjacent to the intrusion. Both explana-
tions are consistent with the views of Stern
(1987) who suggests an eastward migration of
the arc magmatism through time. In this case,
the release of radiogenic gases on the East Bank
might best be considered as a short-lived e¡ect.
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